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I ~TRODUCTIO~ 

l e  will uti l ize a manipulator t o  perform pegyJmg&- 

modified commercial manipulator is being used to  obtain data on 
Shuttle-related tasks e 

T h i s  report describes the simulatbu. _ o f  r~p.lacement of m&la.r~&gs%.em - 
packages as a means of semtcing artbiting satell-ites. This simulation 
is  the second i n  a series o f  tests dxigiied'l3o-inve&igate various 
problems associated w i t h  SAMs development. 

s. In order t o  develop the technology necessary 
a Shuttle Attached Manipulator System (SAMs), a 

06JECTIVES 

The principal objective of this simulation was t o  verify the'1.feasibili ty  
o f  instal l ing and removing modular components of an orbiting spacecraft 
by manipulator';! Corollary objectives were to: 

1, Evaluate the suitability of terminal devices and grappling 
f i xturies used a 

2. Determine the feasibility o f  eccentrically located grappling 
points 

3, Determine the feastbility o f  using a second manipulator to  
hold the spacecraft being serviced. 

4, Define fV system requirements. 

5. Establish the abll i ty of man~pulator t o  secure and release 

6, Verify operation of an automa 

7. Identify problem areas and re end solutions. 

- -_ ---- 
--__ 

I atches against required preload . 
umbi -- 1 ~ fcal _. connector. ~ - _..-.-- 
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ation was Carrie 
JSC. T h i s  facil n reference I 

pulator and air-  

he hardware onsisted of a subsystem module engineering tes t  art icle 
("module") and mating female check fixture ("spacecraft") b u i l t  by the 
Goddard Space F l i g h t  Center as part of the Large Space Telescope 
~rogram. Figure 1 illustrates the salient features o f  these items. 
The module as used for the simulations weighed 280 pounds. 

In operation, the module slides in to  the opening i n  the spacecraft 
on four ra i ls ,  one a t  each corner. Maximum lateral or vertical 
misalignment for init ial  insertion was 0.25 inch a t  each corner, 
including misalignment i n  roll. After achfeving ini t ia l  insertion, 
the rai ls  had 0.04 inch clearance for the 18 inches of motion u n t i l  
the module was seated. Th i s  clearance was sufficiently close t o  cause 
binding w i t h  pitch or yaw misalignments o f  one or two degrees. 

Equi pment Mount i ng 

The general arrangement of the tes t  set-up is illustrated i n  Figure 2. 
The module was suspended from a cantilever beam attached to  a freebody 
on a i r  pads. The suspension system (Figure 3) was arranged to  faci l i ta te  
ad3ustment of the single point o f  suspension t o  coincide w i t h  the 
center of gravity of the module, so that the module could rotate freely 
about three axes. The a i r  pads permitted essentially frictionless 
motion i n  a horizontal plane. Vertical motion was achieved,during the 
first runs by manually regulating the a i r  pressure i n  a cylinder i n  
the freebody. However, this proved unsatisfactory and most runs were 
made w i t h  the freebody and attached beam locked a t  the correct height, 
Thus the module could move i n  five degrees of freedom. 

The "spacecraft" was mounted on an air-pad base, although the a i r  pads 
were inflated for only one test  configuration (see Test Configurations 
section). The center of the spacecraft was 21 feet  from the operator's 
station. 

The tool used t o  lock and release the rotary p i n s  was stowed on the 
floor a t  a marked location when not i n  use (Figure 2). The tool used 
for the push-type p i n s  would no t  stand alone and was stowed i n  a 
receptacle a t  the same location. 



about four feet above the floov t o  view the le f t  and r i g h t  sides, 
respectively, of the spacecraft. Camera 3, also about four feet off 
the floor, was located to  provide a line of s igh t  i n  the plane of the 
front face of the spacecraft. Camera 5 was mounted on the manipulator 
power supply about nine feet above the floor and was set  for an overall 
view of the entire spacecraft. Camera 6 was mounted to  view the 
operator's face and hands and a clock directly behind the operator; 
this was the only view not available t o  the operator. Cameras 1, 2, 
3 and 4 were controllable by the operator i n  pan, tilt, zoom and focus. 

Two monitors were located, one above the other, directly i n  front o f  
the operator. The lower monitor displayed cameras 2 and 4 a t  a l l  times 
on a split screen, The upper monitor displayed any camera (except 
number 6) selected by the operator. Brightness and contrast of each 
monitor were adjustable by the operator. The pan-til t-toom-focus 
controls, w i t h i n  reach of the operator's l e f t  hand, were automatically 
connected t o  the camera (except number 5) selected on the upper monitor. 
For uniformity, camera 'I was selected and set for a closeup view of the 
end effector prior to  each run  and cameras 2 and 4 were set for medium 
close ups of the upper left and upper r igh t  corners of the spacecraft. 
Once started, the operator was given complete freedom of choice. 

A video tape recorder was used t o  record each run. The view on the 
upper monitor was recorded, w i t h  camera 6 (the operator's face and hands) 
inserted i n  one corner of the picture by means of a screen splitter. 
In this way, a record was made of: the progress of the task (including 
t iming);  which camera the operator was using; the time spent watching 

itor, lower monitor, camera controls or  the task i tself ;  
tor 's  hand movements. 

A f loodl ight  was placed i n  front of the power supply and s i x  feet off 
the floor to  enhance the ambient illumination. For one test (see 
following sectfon), the l i g h t  was placed behind camera 5 and about 
eleven feet off the floor. 

For runs using TV only, a Fomecor screen was used to block the operator's 
view of the module and spacecraft. 

Test Conf i gurations 

Six different configurations were used for this simulation t o  evaluate 
a number of questions relating t o  the satel l i te  servicing problem. These 
Configurations are sumnarized i n  Table 1 , w i t h  the dis t inguishing feature 
of each emphasized for convenience. 



ench was fabrica o interface between 
e end effector j thod was intended t o  

p ~ ~ i t  the ma~ipulator, which has a 1i e capabi 1 i ty, t o  
overcome the large pre-load required by the module design. However, 
the low rotation speed of the end effector made the task monotonous 
and fat iguing (lockfng or releasing each pin  required about a minute 
after the wrench was placed i n  position). 

To alleviate this problem, the p ins  were converted t o  the original 
concentric push-pin arrangement (configuration B9 by installing 1 ighter 
pre-load springs. In this design, the outer portion of the actuator 
is  pushed to  extend the p in  and the center portion t o  release the 
locking balls (Figure 4). Thus, p i n s  were locked by depressing both 
parts simultaneously, then s l i d i n g  the tool off vertically so that the 
center portion was released first. The p ins  were released by touching 
only the center portion, thus releasing the locking balls and allowing 
the spring t o  retract the pin .  These pins were used for a l l  subsequent 
runs, so that configuration B should' be considered the baseline, even 
though more runs were recorded w i t h  configuration A. 

Configuration C eliminated direct vision so that the TV monitors provided 
the only visual cues. I t  was otherwise identical to  B, and was intended 
t o  evaluate the performance degradation, if any, resulting from loss of 
a direct ("out-the-window") view. 

Configuration D used a single tight source, a f loodl ight  behind and 
about two feet  above camera 5, i n  an attempt t o  simulate unidirectional 
illumination such as sun l igh t .  However, even w i t h  a l l  other l i g h t s  i n  
the tes t  area turned off ,  sufficient ambient and reflected l i g h t  existed 
t o  f i 11 the shadows suf f i ci ently for v i  sua1 detection. Consequently, 
these runs were made w i t h  TV only, because the camera sensitivity could 
be adjusted to  eliminate a l l  vis ibi l i ty  i n  the shadows. 

Configuration E differed from B i n  that the grappling fixture was moved 
from its center position to a po in t  18 inches from the r i g h t  end of the 
module and 4 inches from the upper edge. The purpose of this was t o  
eval ua te the probl ems associated w i  t h  cl ose- to1 erance guide rai 1 s where 
the module center of gravity is not aligned w i t h  the grappling fixture. 

Configuration F was the same as B except t h a t  the spacecraft was floated 
on air pads and tethered w i t h  3/8 inch nylon rope to  the manipulator base 
and t o  a column behind the spacecraft (see Figure. 2). The objective of 
this tes t  was t o  simulate a spacecraft held by a flexible manipulator 
ann during servicing. 
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Test Sequence 

A detailed tes t  procedure was prepared and is reproduced as Appendix A. 

Each complete "run" consisted of installing and removing the module once, 
and included the following steps: 

1. 
2. 
3. 
4. 
5. 

6. 
7. 
8. 
9. 

10, 
11 * 

The test  

Grappl e modul e 
Align module and insert i n  spacecraft 
Release module and pick up p in  locking tool 
Lock a l l  four pins 
stow tool 
(Break) 
Pick up tool 
Release al l  four p ins  
Stow tool 
Grapple module 
Remove module from spacecraft 
Release module 

subject was allowed a few minutes for warm-up prior t o  beginning 
the run as well as a break, during which the manipulator was shut down, 
a t  the mid-point of  the run. Neither the warm-up nor the break was 
mandatory and sane subjects preferred to continue wi thou t  stopping, 
although fatigue became evident i n  other subjects after about half an 
hour. 

Before each subject's first run, he was given printed instructions 
(included i n  this report as Appendix B) and allowed to examine the test 
equipment and ask any questions he desired. the TV camera locations and 
controls were also explained. The printed instructions were made available 
for subsequent runs, and additional questions for clarification were per- 
mitted a t  any time. 

Two primary data sources were used, One was the video tape recording 
discussed I n  the Television section. The other was a record of elapsed 



A crew of two was used for most of  the runs: a test  director to  supervise 
the test ,  record event times and record and correct anomalies, and a TY 
technician t o  operate the video tape recorder and other TV equipment. 
During the first runs, a t h i r d  man operated the air pressure regulator 
t o  control the height of the module. 

Test Subjects 

Eighteen test'subjects took part i n  this simulation. These subjects 
were a l l  JSC engineers involved i n  various aspects of the Shuttle program 
and included two astronauts. A t  the beginning of the tests, four of 
these had no prior experience w i t h  the CAM 1400, four had less than one 
hour, six had between one and two hours, and four had between five and 
eight hours of experience. Additional experience accumulated during 
the test series varied from two to  four hours per man. Ten of the 
efghteen also took part  i n  Simulation 1 - Grappling a Fixed Object 
(Reference 2) and four participated i n  a series of tests evaluating 
compliance and force feedback (Reference 3) .  See Table 2 for details. 
The subject ident i fkat ion used i n  Reference 2 has been retained for 
the same individuals for ease o f  comparison. 

In addi t ion t o  the regular test subdects, a number of persons attempted 
the task on an impromptu, informal basis. These included personnel from 
JSC and other NASA centers, contractor representatives and v i  si  tors from 
Germany and the Soviet Union. Except for a few contractor personnel, 
none had any manipulator experience. 

AMALY S IS 

- General 

The runs performed by the test  subjects were, w i t h o u t  exception, 
suc,cessful, even though total  times as h i g h  as 83 minutes were recorded, 
In addition, o f  28 informal buns by visitors, 23 were successful, even 
though most had no prior experience, the task was explained only i n  
general terms, and many of the visitors were middle-aged, had poor 
eyesight or were otherwise not  physically on a par w i t h  the test  s ~ b j e c t s ~  



even for inexperienced, untrained operators e 

After the simple success/failure criterlon, task times are the most 
fruitful source of data, These times are compiled for the 87 recorded 
runs i n  Appendix C, Tables C-1, C-2, C-3 and C-4, each run being broken 
down into 16 specific tasks for timing purposes. I t  is implicitly 
assumed that performance time for a given task can be used as a rough 
measure of task difficulty, although this is  not  always true. Since 
each task embodied a different set of problems for the operator, they 
will be considered individually, 

Module Grappl i ng 

The first task, grappling the module, occurs twice, as task 1 during 
installation and as task 15 during removal. In both cases the usual 
learning curve can be seen i n  the configuration A and B runs, which 
were identical i n  this task (see Figure 5). Th i s  is also true if  the 
tasks are considered i n  chronological order, viz. ,  Al (1), A (15), 
a;! ( I ) ,  A2 (15), etc, ,  apparently verffying t h a t  the two graljplings 
are identical (subscripts indicate the first, second and t h i r d  runs w i t h  
configuration A by each subject). There were i n  fact two differences. 
For task 1, the module was resting against the spacecraft bu t  was free, 
so that accidental premature contact by the jaws could cause large 
motions of the module and result i n  lost time while the end effector 
was repositioned for the new attitude of the module. T h i s  was not the 
case i n  task 15, where the module was retained i n  the spacecraft while 
grappling took place. On the other hand, the operator had an opportunity 
t o  prepare i n  advance for task 1 (by adjusting cameras, etc.), whereas 
time for task 15 started as soon as the p i n  locking tool was stowed. 
T h i s  la t ter  difference is emphasized i n  configurations C and D (TV only), 
where task 15 took significantly longer than task 1. Where dlrect vision 
was available, the two differences appear t o  offset each other. 

Module Insertion 

Task 2, inserting the module into the spacecraft, was the most difficult  
operation. As may be seen 'rn Figure 6, the d i s ~ r i b ~ ~ i o n  of insertion 
times is scattered i n  the beginning (as for module grappling) and remains 



acceptable operational reliability, and that nothing more difficult  
than this should be considered. 

A number of problems contributed, some arising from the module design 
and some from the tes t  set-up. As has been noted, i n i t i a l  insertion 
required positional accuracy of i0.25 inch a t  each corner, a misalign- 
ment that is  difficult  or impossible t o  perceive from the operator's 
station. After insertion, the close-tolerance rai ls  jammed easily w i t h  
small pitch or yaw errors that were also difficult  to  detect visually. 
Some subjects "felt their way in"  after initial insertion using the 
force feedback of the manipulator, stopping a t  the first s l i g h t  jam 
and correcting accordingly. Th i s  technique was generally successful. 
Others would attempt to seat the module as quickly as possible, an 
approach that sometimes succeeded and sometimes jammed so hard that 
the module had t o  be freed by hand. 

The module suspension was a source of considerable difficulty. I t  was 
i n  effect a two-mass, spring-connected system, the 280-pound module 
being one mass and the 1000-pound freebody the other. Air pad friction 
was so low that there was essentially no damping. The result was that 
rapid translational i n p u t s  t o  the module toward or  away from the freebody 
generated an oscillatory motion of the two masses that was very difficult  
t o  control. The only effective way t o  avoid the problem was t o  move 
the module as slowly as possible while attempting t o  align i t  w i t h  the 
spacecraft. Since this suspension system would not exist i n  f l i g h t  
hardware, i t  is assumed that, t o  t h i s  extent a t  least ,  the simulation 
presented a more difficult task than actual f l i g h t  operations. 

The fixed vertical position of the module center of gravity created two 
abnormal conditions. First, vertical translation was neither possible 
nor necessary; t h u s  the operator's task was somewhat simplified. Second, 
vertical motion of the end effector caused a rotation i n  p i t c h  because 
the vertical force capability of the manipulator, actin several inches 
from the suspension po in t ,  overrode the gripping force 9 and hence torque 
capacity) o f  the end effector. This  also had the effect of moving the 
ends of the raf ls  i n  the opposite direction from the vertical force 
i n p u t  since the suspension point acted as a fixed pivot. The overall 
effect was extremely abnormal and confusing, although most of the tes t  
subjects readily adapted to  the situation once they understood it. 

Task performance was greatly enhanced by efficient use o f  television. 
The optimum appeared to be as follows (see Figure 2 for camera locations)~ 
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h to  camera 5, which gave, i n  addition t o  an overa 
view, a line of s i g h t  parallel t o  the upper r i g h t  pin.  T h i s  
made perception of lateral position errors both easy and 
accurate. Simul~neously, use cameras 2 and 4, se t  for 
identical views of the upper left  and r i g h t  rails, t o  detect 
roll errors, 

3. After init ial  insertion, use cameras 2 and 4 t o  maintain 
equal travel of both sides dur ing  final seating, together 
w i t h  camera 3 for equal travel t o p  and bottom, if  any binding 
or jamming starts t o  develop, 

Each subQect had his own method, but  most differed from the above i n  
that camera 5 was used l i t t l e ,  if a t  a l l .  Th i s  may be because of the 
inferior image quality of this camera or because there was no p a n - t i l t -  
zoom capabi 1 i ty. 

Many subjects attempted insertion w i t h  direct vision only, or w i t h  
cameras 2 and 4 as the only supplementary views. The module was almost 
invariably positioned too far t o  the r i g h t  i n  these cases, w i t h  the 
result that the left end of the module missed the rai ls  and passed 
inside the spacecraft while the r i g h t  side was stopped by that side 
of the spacecraft. On many occasions, the module was pushed so far  
that the grappling fixture was twisted out of the jaws, requiring the 
operator t o  regrapple and s ta r t  over. I t  is  believed that this problem 
was caused by attempting to  align the right-hand rails (the only ones 
directly visible) w i t h  the mating track i n  the spacecraft wi thout  making 
sufficient allowance for the offset point o f  view, either direct or  
camera 4 (see Figure 7). 

Even though most cues for module alignment could be better obtained from 
. TV than from direct vision, average performance suffered ,significantly 

when the direct view was eliminated (Figure 6, configuration C). However, 
average performance may be misleading, since six of the thirteen subjects 
(I, J ,  L, N, Q and 7) who tried configuration C had better times than 
w i t h  direct vision (configuration B). The average time is higher because 
the subjects who d id  worse without direct vision d id  much worse. No 
satisfactory explanation for this variation has been found. Most, b u t  
not a l l ,  of the experienced operators did worse without direct vision, 
suggesting the possibility tbat experience, largely w i t h  direct vision, 
tends to develop a dependence on direct vision that makes a TV-only 
situation more difficult. I Such a hypothesis, however, must be considered 
more as speculation than a valid explanation. 



Tape was beneficial i n  reducing ref lect ions from the e s o f  the tracks 
i n  the spacecraft. These ref lect ions made v i s i b i l i t y  o f  the tracks 
extremely poorB and alignment was very d i f f i c u l t .  Elimination of the 
ref lect ions made alignment much easier. 

An umbilical connector mated automatically when the module was fu l ly  
seated. Plating was confirmed by battery-powered l i g h t s  which indicated 
continuity. The connector functioned perfectly. However, battery drain 
was high, and since the connector was not d i rec t l y  related t o  the 
manipulator operati on I) the battery was rep1 aced only once. 

Tool Pick-up and Stowage 

These tasks, each occurring twice, are the simplest o f  the en t i re  
sequence. Generally, they were performed with d i r e c t  vision only, 
supplementary TV being unnecessary. Times were shorter than for any 
other task except f o r  configuration C (Figure 8) where, almost without 
exception, each subject took considerably longer than with d i rec t  
vision. The difference i s  much more pronounced than f o r  any other 
task. 

Since camera 1 was located on top o f  the manipulator boom and the end 
ef fector  must be polnted downward to  pick up or  stow the tool, and 
since camera 5 d id  not  view the too l  stowage location, only cameras 2, 
3 and 4 could be used f o r  these tasks. Examination o f  Figure 2 shows 
tha t  a l l  three o f  these cameras view the stowage locat ion from an 
oblique angle ( re la t ive t o  the boom i n  pick-up posit ion) and that  
the angle i s  approxlrnately the same f o r  a l l  three cameras. I n  addition, 
cameras 2 and 3 are opposite each other so that they provide essential ly 
the same posi t ion information t o  the operator. Thus, the operator has 
three closely similar views (If he uses a l l  three cameras), none o f  
whfch i s  orthogonal t o  boom coordinates. The r e s u l t  i s  that  the operator 
must concentrate t o  an excessive degree t o  be able t o  use the information 
presented a 

Test subject "I" achieved the most consistent times with and without 
d l rec t  vision; h is technique was t o  use only one camera, thereby e~ imina t ing  
the ~ i f f ~ c u ~ t y  of a$$ociating each view with the correct  viewpoint. This 



ientation i n  three dimensions, 
In this case, the s impli~i ty  o f  the task and the toler~nce b u i l t  into 
the jaws made precise positioning unnecessary. 

Pin  Locking and Release 

These tasks were relatively simple. Times for configuration A were 
longer because accurate, three-axis orientation was required t o  place 
the'tool over the head of the p in ,  and because about one minute o f  
rotation was necessary after the tool was i n  place. This  configuration 
was designed by GSFC especially for this test ,  as has been noted else- 
where i n  this report. I t  does not  represent a f l i g h t  item design. 
Tool alignment was not easy to  perceive, and consistently good alignment 
was best obtained by setting pitch a t t i t ude  w i t h  camera 3 on close-up, 
then leaving i t  undisturbed (the mani ulator automatically maintains 
pitch attitude relative to horizontal P while adjusting yaw and roll for 
each pin using camera 1, also on close-up. The learning curve was short, 
and time per p i n  quickly stabilized a t  slightly less than three minutes 
(see Flgure 9) e 

Configuration 6 proved much faster. Learning was fair ly  quick. Although 
the tool had to  be positioned w i t h i n  *0.6 inch laterally, visibility 
w i t h  camera 1 was good and positioning was not a problem, Compressing 
both parts of the head, then sliding off (generally downward) while 
maintaining pressure was a fairly delicate operation, but  d id  not appear 
to  offer any real obstacle to any of the subjects. Gonsiderable d i f f i -  
culty was experienced wi th  p in  number 3, which was harder to lock than 
the others as the result of a slightly oversize spring, This is 
reflected i n  the abnormally high times for p i n  3 in  both configurations B 
and C. 

The primary problem encountered i n  this task was accidentally dropping 
the tool. T h i s  was caused for the most par t  by the position of the 
jaw-open button next to  the roll and yaw control switch, the ease o f  
actuation of the button, and the tendency of some operators to use the 
left hand t o  actuate both controls. 

Nodule Extraction 

The d is t r ibu t ion  o f  module extraction times, illustrated i n  Figure 10, 
shows two distfnct groupings: a cluster of rapid extractions, many of 
which took less than 20 seconds, and a broad scattering o f  slower times 
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these c~arac-  

physical i nterf ace. 

When the module is ful ly  seated i n  the spacecraft, a pronounced wedging 
occurs a t  the conical surfaces. The breakaway force necessary varies 
w i t h  seating velocity and no systematic measurements were made; however, 
on a number of occasions the manipulator jaws, which have a known pu l l ing  
capacity i n  excess of 50 pounds, slipped off the grappling fixture without 
unseating the module. As long as the module d id  not tilt, friction after 
init ial  unseating was very low. Since i t  i s  difficult t o  apply a high 
force and then t o  stop immediately when the force is not needed, most 
subjects tended t o  continue ulltng after unseating, This  resulted i n  

t i l t i n g ,  and a hard jam if  the module d i d  tilt. In the la t ter  case, 
the subject could usually free the module by pushing i t  back in to  the 
spacecraft, In a few instances, the module had t o  be freed manually. 
the problem was compounded by the tendency o f  sofie subjects to  seat the 
module hard on insertion; these tended to  be the same ones who tried to  
unseat and extract i n  a single motion. 

Visual cues were normally of minor importance i n  this task. If the 
module jamned, TV was helpful i n  determining the direction of t i l t ,  
and therefore the direction t o  push i n  order to  free the jam. Otherwise, 
inci Sent jaming could be better detected by feel (through force feed- 
back ! and there was no other alignment requirement i n  this task. Since 
vision was relatively unimportant, the lack of it d i d  not impair per- 
formance. 

nearly instantaneous extract Y on if the p u l l  was straight enough t o  avoid 

Task Times .. Configurations D, E and F 

Since only a small number o f  runs was made i n  these configurations, any 
apparent trends i n  the data are difficult t o  substantiate. T h i s  dis- 
cussion must therefore be somewhat tentative i n  nature, 

Configuration 0 

Two runs were made. Task times were generally substantially higher 
. t h a n  con f i~ura t i~n  C, the only other set-up w i t h o u t  direct vision. 
Both test subjects ("D" and "I")  f e l t  that the harsh l f g h t i n g  and deep 
shadows had an adverse effect on performance. Although the ligh€ was 
placed so that a l l  cri t ical  areas were illuminated for this tes t ,  
orbital operations could impose such constraints that some areas 
remained i n  shadow, a condition that would not be tolerable without 

. adequate su  1 emen tary i 1 1 uhi nation. 



e test directo~. 
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not c ~ p e n ~ a t e  for the offacehter r~ppling p ~ i n t ,  resulting in binding 
during insertion, He was able t o  clear the jam, however, and complete 
the task. Extraction was accomplished without  difficulty. The test  
director applied the insertion force roughly along a line between the 
grappling point  and the center of the module, and insertion was completed 
wi thou t  binding. I t  i s  concluded that although eccentric grappling 
points can be tolerated i n  operations of this kind, they should be avoided 
where possible. 

Configuration F 

Subjects "D", "E" and "I" used this configuration. I t  was anticipated 
that  the floating, tethered spacecraft would create problems, bu t  hone 
developed. A l l  three subjects achieved insertion times o f  two or three 
minutes. I t  i s  possible tha t  the flexible mounting helped t o  the extent 
that  it could, a t  least partially,  compensate for any tendency to  bind 
i n  yaw. There are, however, no specific data to  support this hypothesis. 

P in  locking required a different technique if  large excursions of the 
spacecraft were t o  be avoided, This involved a sudden thrust once the 
tool was i n  position, rather than  steady pressure, so as t o  utilize 
the inertia of the spacecraft and module. This method was not necessary 
for complotfon o f  the task, however. 

I t  i s  concluded from this test t h a t  a flexible spacecraft support would 
not bo detrimental t o  sate11 i t e  servicing operations. 

MAN-MACHINE ENGINEERING 

General 

The objective of this portion of the study was t o  examine several 
man-machi ne engineering factors affecting man i pul ator design and t o  
identify mtpmachine engineering design guide1 ines for the Shuttle 
manipulator system. 

The primary areas evaluated were task analysis, operator/ma~i~ulator 
visual system assesanrent, and. subjective comnents. 



A t a s k  analysis approach was utilized to  reduce the 
e l ~ @ n t a l  tasks, which could be more easily handled 
subject performance, information requirements, etc. 
tasks were identified: 

J. Pick up boom and allgn wi th  module 
2. Grapple module 
3. Align module for  insertion 
4. Insert module completely 
5. Retrieve, align and insert tool 
6. tighten p in  1 
7. Realign boom 
8. Tighten pin 2 
9. ReaTign boom 

10. Tighten pin 3 
11. Realign boom 
12. tighten pin  4 
13, Oeposi t tool 
14. Retdeve, align and insert tool 
15. Loosen pin 1 
16. Realign boom 
17, Loosen pin 2 
18. Rmlign boom 
19. Loosen pin 3 
20. Realign boom 
21 . Loosen pin 4 
22. &!posit tool 

o ~ e r ~ ~ l  job t o  
i n  evaluating 
The f o l  1 owing 

A p~el imin~ry analysis produced the following ini t ia l  conclusions: 

a. The module alignment task (Le., a ~ i g ~ e n t  o f  al l  four 
corners of the module w i t h  the spacecraft) was the most 
difffcult task tc accomplish, as measured by performance 
dime, amount of i n f o ~ t i o n  (perceptual cues) and operator 
skfll required. 

b. The module alignment task was facilitated by the use o f  TV, 
especia3 ly when o ~ t ~ Q ~ o n a ~  camera views were selected, 



Operator/Manipula.tor Visual System Assessment 

One of the major areas of evaluation during this test period was the 
operator/manipulator visual s stem. The system evaluation addressed 
three specific questions: (11 how much of the time does the operator 
use TV and how much looking directly at the task being performed, 
(2) which Tv cameras are used by the operator to assist in task per- 
formance, and (3) what can be said about the operator workload (i .e. * 
task performance demands on the operator)? At the same time, the 
evaluation attempted to identify preliminary man-machine engineering 
design guide1 ines for application to the Shuttle manipulator system. 

For the assessment, video tape recordings of the runs of six subjects 
were analyzed. The video-taped picture was identical to that selected 
by and appearing on the subJect's upper TV monitor except for the lower 
left comer, upon which a picture of the subject performing the task was 
inserted. The recordings were complemented by observations by the man- 
machine engineering speclaltsts made during these and other runs. 

The first two questions above were addressed at the begfnning o f  the 
study. A data analysis sheet was formatted and used to analyze the 
tape recordin s. This sheet allowed various phases (see Task Analysis 
section above 4 or individual tasks for any one simulation run to be 
correlated with the total task time, time the subject spent looking at 
the N m i t o r s ,  and time the subject spent looking directly at the 
task being performed. 

The percent o f  time spent by the subject watching the TV monitors and 
viewing the task directly was calculated from the data sheets as a function 
o f  total task time (Le., time for one simulation run). The resulting 
data, shown i n  Table 3, indicate that the subjects spent an average o f  
73% o f  the total time viewing the task directly while using the TV system 
only 27% of the time. These percentages vary only slightly from one 
subject to another. Attempts to discern significant variations in the 
percentages of direct and TV viewing from one task to another were largely 
unsuccessful because of the scattered data obtained. An exception was 
tool stowage (tasks 13 and 22) for which 100% direct vision was almost 

A further analysis indicated that cameras 1 and 3 were used most often 
by the subjects i n  gathering the necessary perceptual cues to perform 
the entire task. As can be seen by the diagram of camera locations 
(Flgure Z), these cameras provlde orthogonal views of the tasks required. 

Uftf VW'Sal ly Used 



observed : 

a. EFT, compared t o  total run time, was extremely high (above 
80%) for a l l  subjects. 

b. EFT was not a function of media used; t h a t  i s  fixation times 
were high  whether the subject viewed the task directly or 
via 3% 

c. EFT was proportional to  the task demand on the subject 
(1 ,e. , to  the number o f  perceptual cues or information 
required t o  perform the task). 

The second approach involved a video tape analysis t o  deternine what 
percentage of time a subject used his l e f t  hand t o  assist i n  manipulator 
operations (e.g., as a steadying device, or t o  adjust controls). This 
approach addressed the physical demand on the subject more than the 
mental loading. Results of tapes analyzed are shown i n  Table 4. The 
le f t  hand was used during manipulator operations an average of 23% of 
the total run time. 

The third approach i n  determining operator workload was through subjective 
ratings. When asked for a subjective degree of difficulty t o  perform one 
simulation run, the ratings shown i n  Figure 11 were given. Most of the 
subjects f e l t  the total task was a t  least twice as difficult as driving 
a car on a crowded interstate highway. 

Subjective Corwnenrts 
Subjective evaluation questionnaires (Appendix D) were administered t o  
fourteen subjects, each of whom completed the questionnaire a t  the end 
o f  his first simulation run. Most of the questions were concerned w i t h  
procedures, hardware and simulation events. During the questioning, 
the subjects were encouraged to  express themselves freely. No subject 
identlflcation was placed on the completed questionnaire. 

The following sumnarires the subject's comnents: 

a. Test Objectives and Procedures 

Seventy percent of the subjects f e l t  tha t  the test  objectives 
and procedures for the simulation were easily underst~d. 



Although this study did not include an evaluation of the 
detailed manipulator 
(including design rec 
the subjects generally remarked that the switch functions 
of the hand controller were not natural and needed improvement. 

c. Relative Location of Hand Controller 

ware unique t o  this simulator 
ndations for hand controllers) 

Two thirds of the subjects f e l t  that the hand controller height, 
relative t o  the operator seat, was too high for the forces 
required for manipulator operation. 

d. Use of Arm Rest 

Eighty-three percent of the subjects used the arm rest and 
stated the rest gave support i n  one-g. Although an arm rest 
providing this function i n  zero-g may not be required, one i n  
zero-g may be required t o  provide stability for the arm. 

e. Feedback Forces 

Half of the subjects felt  the manipulator feedback force was 
top high, while one' third said the force was too low. Fourteen 
percent said the feedback force was a t  the r i g h t  level. One 
subject was unaware of any feedback force. In all  cases, 
subject concentration may have precluded them from being more 
attentive t o  the force feedback involved. However, eighty-three 
percent of the subjects fe l t  that force feedback was a very 
important characteristic for manipulator operations 

f .  Fatigue 

Seventy-ei h t  percent of the subjects experienced some form 

was associated wi th  the hand, wrist, arm, shoulder, and upper 
back, Force required t o  move the manipulator was stated as the 
major contrfbuting factor o f  fatigue. 

of physica a fatigue from operating the manipulator. The fatigue 

g. Seat Comfort 

The subjects made no negative statements concerning the operator 
seat comfort. Lack o f  either positive or negative comnents 



Devic~ Functional Design 

?est Ohrervation 
This section sunmarites observations made by the man-machine engineering 
specialistis during the test  runs 

1, Subjects using camera 1 as the primary TV data source 
experienced more difficuf ty  i n  pitch alignment during the 
module a l i g ~ e n t  task. 

A l l  subjects interviewed stated that the terminal device (end 
effector) was straightforward i n  i t s  functional design. 
However, sixty percent of the subjects f e l t  that improvement 
i n  the end effector design was needed. No design suggestions 
were made, 

Termi nal Device Markings 

Sixty-six percent o f  the subjects stated t h a t  color coding or 
increasing contrast between the end effector and module grappling 
fixture facili-hted task performance for grappling the module. 

TV Control Assessment 

Elghty-three percent of the subjects thought  the TV controls 
were cohveniently located and their functions self-explanatory. 

?V Picture Contrast 

Increased contrast of the TII monitor picture was preferred by 
ninety-two percent of the subjects. (MOTE: Contrast level 
was set  initially by the Test Conductor a t  the same level for 
all  subjects.) 

I1 1 mi nati on Level 

fhirty percent of the subjects stated t h a t  the simulation 
lightlng, i n  general was inadequate, 

TV Usage 

Eighty-five percent o f  the subjects f e l t  they did  not maximize 
use o f  the TV system. 



4. 

5. 

Audio cues (e.g. , banging modufe against fixture) facilitated 
the module alignment task. 

TV capability (Le., pan, tilt and zoom) was fully utilized 
by all test subjects, although use of the TV system was not 
optimum e 

CONCLUDING REMARKS 

Most of the objecttves of this simulation were achieved; all were at 
least partially accompl ished. However, the physical 1 imitations o f  
the test set-up and the specific nature o f  the task restrict the extent 
to which the results may be generalized. 

1. Replacement of modular components by manipulator is feasible, 

2. The eccentric grappling point was usable, but a central 
location is preferred. 

3. The spacecraft being serviced could be supported by a 
second manipulator boom. 

4, The automatic umbflical connector operates satfsfactori ly. 

5. The end effector and grappling fixture were usable, but 
could be improved (see Manipulator Design below). 

specific conclusions that follow are little more than good 
practice and c o m n  sense, and are mentioned because they 

were enrphaslxed by the test. 

Bera tor Vision 
Operator vision, both out-the-window and TV, i s  a crucial aspect o f  
manipulator system design. Both this and previous simulations indicate 
that the operator's ability to see the task, not the capabjlity of  the 
mnfpulator itself,  is generally the limiting factor in system performance. 



elevision alone can be used t o  perform difficult tasks, but  every tes t  
subject who tried i t  preferred direct vision plus TV to  TV alone, A 
major problem was obtaining an adequate sense of boom position without 
the direct view. I t  is concluded that windows should provide a direct 
view of manipulator operations. 

Work s i te  l i g h t i n g  should be arranged t o  illuminate a l l  shadowed areas. 
However, care should be taken t o  avoid distracting reflections from 
polished surfaces, either by l i g h t  source location or by using d u l l  
finishes i n  critical areas. 

Man i pu 1 a tor Des i gn 

A fundamental result of this test  is that  fatigue can be a problem i n  
lengthy, exacting operations. Part of the fatigue resulted from 
characteristics of the CAM 1400 manipulator that would not exist i n  
a f l i g h t  system, bu t  part was also caused by the high level of con- 
centration, . the very small , control led arm movements required s and the 
length o f  time required t o  complete a run. kfhile i t  may be assumed 
that the astronaut operating the Shuttle manipulator will be better 
able to  tolerate these stresses than most of the tes t  subjects, the 
likellhood of fatigue must be considered both i n  manipulator control 
station design and i n  mission planning involv ing  extensive manipulator 
operations . 
Although no runs were attempted w i t h o u t  force feedback, i t  is  believed 
that  feedback is essential for reliable insertion and extraction of this 
module, since i t  provided the principal sensory i n p u t  for these opera- 
tfons. I t  also follows that a rate control system would be inefficient 
for these tasks, and perhaps unusable. 

On a number o f  occasions, the operator dropped the tool accidentally, 
l e f t  the tool on a pfn  head, or lost his g r i p  on the module. I t  will 
be necessary on the Shuttle t o  provide tethers or appropriate safety 
devtces on the Controls to  positively prevent loss of tools, modules, 
etc. 

End effector design has a substantial impact on the efficiency of the 
manipulator. The end effector used for these tests had insufficient 
clearance far easy grappling, the torque capacity was too low i n  some 
axes, and the jaws could be pulled free of the grappling fixture by a 
rapid motion. 



he positioning tolerance of *1/4 inch required for this module is too 
small to assure consistent performance. To provide a better margin for 
error and to allow for the larger master/slave size ratio that will 
probably exist on the Shuttle, *1 inch is suggested as a preliminary 
minimum standard pending more definitive simulation results. 

The close-tolerance rails used on this module should be avoided. Many 
of the jams that occurred during the tests could have been cleared in 
orbit only by EVA. 

The limited force capability of the boom should be considered i n  the 
design o f  mating- parts, latch actuators, etc. If necessary, special 
end effectors could be used to match the capability o f  the boom to the 
requi rements o f  the pay1 oad. 

Locks, latches, etc. t o  be operated by the manipulator should provide 
indtcation of positive latching and unlatching to the manipulator operator. 
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Average 

2 34 
21 53 21 
21 57 30 

23 - 
66 
79 
70 
77 

_I_ 

21 65 27 73 

TABLE 4 

USE OF LEFT HAND 

% TOTAL - SUBJECT 1_1 TASKS TIME HAND USED RUN TIME TOTAL RUN TIME 

Pitch Control 2 min. 7 25 min. 4 see. 
TV Zom/Pan/Ti 1 t 

TV Zom/Pan/Ti 1 t 9 min. 1 sec. 42 21 min. 5 see. 

6 min. 58 sec, 29 23 min. 26 sec. 

Hand Control Support 
4 min. 11 see. 14 28 min. 14 sec. - 
Average 23 
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NTRODUCT IO 

This detailed test plan describes the test to be conducted during 
the attached manipulator system simulation 2A. 

The test is being conducted in compl iance with requirements set 
forth in MSC-07009, Attached Manipulator System Simulation Plan. 

OBJECTIVES 

See page A2-1, MSC-07009. 

TEST PERSONNEL RESPONS I BI L IT1 ES 

a. Test Director (TD) 

The TD i s  responsible for management, safety, subject indoc- 
- trination, test conduct, data acquisition, data evaluation 
and preparation o f  test report. 

b. TV Coordinator 

The TV coordinator is responsible for seeing that all TV 
cameras and supporting equipment are available and func- 
tioning as directed by the TD. 

c. Test Technician 

The test technician is responsible for insuring that the 
free body functions as required during the test. 

TEST CONDITIONS 

The module, female check ffxture, manipulator, screwdriver 
attachment, cameras and lighting shall be prepositioned at 
designated location prior to each test run. 

The manipulator, freebody and TV equipment shall be activated 
prior to beglnning o f  each test. 
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DETAXLE~ TEST PROCE~~RES, 

Pre-Test Setup 

1. Activate Freebody 

(a) Turn handle on shop a i r  valve CCW t o  fu l ly  open. 

(b) Turn variacs #4, 5 and 6 t o  zero. 

(c) Turn power swftch #4 to  ON. 

(d) Turn variac #4 CW u n t i l  meter indicates 100 volts. 

(e) Repeat steps (c) and (d )  for variacs #5 and 6. 

(f) Check pressure regulator indicator t o  verify i t  reads 
approximately 70 1 bs. 

(9) Visually align yellow markings on the a i r  piston 
cylinder by adjusting handle on pressure regulator 
valve, Adjust as required t o  maintain alignment 
throughout the tes t  run. 

(h) If circuit  breaker trips during operation, t u r n  power 
switches 4, 5 and 6 t o  OFF before resetting circuit 
breaker, then repeat steps (b) through (e). 

2. Activate TV System 

(a) Turn a l l  TV power switches t o  ON. (One switch per rack). 

(b) Remove lens caps from a l l  cameras. 

(c) Adjust cameras i f  necessary. 



. 
T n ma 
Grasp control handle i n  r i g h t  hand. 

1400 (black button under l e f t  front corner 
of seat). 

Immediately move control handle t o  match boom position 
(full r i g h t  against azimuth stop, shoulder full down, 
elbow such that end effector is on floor a t  maximum ex- 
tension) while pressure is bui lding up. Any position 
mismatch can be detected as a hissing sound i n  the boom. 

When full  pressure is reached, slide the boom toward i ts  
base u n t i l  the pitch actuator is  a t  the edge o f  the 
wooden stowage pad nearest the base. Then slowly raise 
the boom clear of the pad u n t i l  the boom is full con- 
trol 1 ab1 e. 

5. Install Module 

(a) Grapple module w i t h  manipulator end effector, 

(b) Align module w i t h  female fixture. 

(c) Insert module in to  female fixture. 

(d) Fully seat module by having end of module rai ls  flush 
w i t h  the female track end surface. 

(e) Release module by removing end effector from module. 

(f) Pick up wrench attachment from floor. 

(9) Insert wrench attachment i n  p i n  on module. 

(h)  Fully seat wrench attachment i n  pin.  

( $ 1  Rotate wrench attachment one (1) f u l l  t u r n  CCW. 

(j) Repeat the above three steps for each o f  the remaining 
three pfns. 



6. 

7, 

8. 

9, 

n )  Check to  see that a l l  four p ins  are locked, If not, 
lock them, 

Seat Test Subject 

(a) Seat subject. 

Activate Manipulator (Same as 4.0 above). 

Remove Module 

(a) Pick up wrench attachment from floor. 

(b )  Insert wench attachment i n  p in  on module. 

(c) Fully seat wrench attachment i n  pin.  

(d) Rotate wrench attachment one (1) full turn GW and 
remove from pin. 

(e) Repeat the three above steps for each of the remaining 
three pins, 

(f) Place wrench attachment on floor after a l l  four p ins  
are re1 eased. 

(9) Grapple module w i t h  manipulator end effector. 

(h;) P u l l  module free from female fixture. 

(i) Release module and move boom clear. 

Shutdown 

(a) Stow boom on wooden stowage pad a t  full horizontal 
extension and extreme r i g h t  azimuth. 

own manipulator (red but ton  a t  l e f t  of seat). 

(c) Insure that module is clear of check flxture, then 
turn off switches 4, 5 and 6 on freebody control console. 



urn off eq~ip~ent  r a ~ k s  (5  §witches$* 

Place lens caps on TV cameras, 

See that all four pins are turned fully clockwise. 

Reposition female check fixture to index marks on 
floor ( i f  necessary) by turning on shop air valve 
sllghtly to float ffxture. 

( k )  Turn o f f  shop air supply valve (fully clockwise). 



ecti v this simulation i s  t o  d ~ o n s t r a t e  the 
using a ~ n i p u l a t o r  to  replace a subsystems module of an 
rb i t i ng  spacecraft, Secondary objectives are to study the 

operator’s u t i l i z a t ~ ~ n  of the visual and Tv cues available t o  him, 
evaluate the sui tabi l i ty  of the terminal device used, and identify 
problem areas associated w i t h  this task. 

A t  the beginning of the test ,  the module (gold-colored) will be floating 
ee of the female check fixture (aluminum) which represents the space- 

t, A t  the “Go” comnand from the test  director, proceed as follows: 

1, Activate the boom. 

2. Grapple the grappling fixture a t  the center of the module 
back panel, 

3,  Maneuver the module in to  alignment with the check fixture 
using any combination of direct vision and TV cameras you 

Insert the module a l l  the way i n t o  the check fixture u n t i l  
the ends of the corner rails are flush w i t h  the ends of 

. the tracks i n  the check fixture. 

xture and pick up the wrench 

ce the wrench over the screw head a t  a corner of the 
ule, aligning the white tapes on the wrench w i t h  the 
s o f  the slot i n  the head. Accurate alignment i s  necessary 

for complete engagement of the wrench. 

e m a i n t a ~ n ~ ~ ~  engagemdnt, rotate the wrench counter- 
kwlse a t  least one full turn. Insure that  the module 
ins ful ly  inserted during this operation, 

wrench from the screw head. 

Repeat steps 6, 7 and 8 a t  the other three corners of the module. 

wrench a t  i t s  stowage position on the floor, 

11. Stow the boom. 



ck he 

(I 

m 

3. 

4, 

5. 

6. 

7. 

8. 

te the four screw heads c o ~ k ~ ~ s e  as far as possib 

Put down the wrench, 

Grapple the module grappl ing fixture. 

Pull the module free of the check fixture and bring i t  to 
rest. 

Re1 ease the modul e. 

Stow the boom. 



imes for each of the 86 runs ~ e r f o ~ e d  

ts and one run by the tes t  director. For t i m i n g  

purposes, each run was divided into 16 tasks w i t h  easily identified 

end points. Since each task differed from and was largely independent 

of the others, the times have been grouped by task for maximum v i s ib i l i t y  

o f  the varying characteristics of each. 

The runs were performed i n  the order listed by each subject. Subscripts 

for configuration A indicate the three runs by each subject; no physical 

changes were made. Only thirteen subjects used configurations B and C, 

and three or less used D,  E and F, because o f  time constraints. Average 

times were calculated only for configurations A, B and C, and are sumnarized 

i n  Table C-1. Task times for each subject are given i n  Tables C-2 

(Installation) and C-3 (Removal). 

One run by the tes t  director, using configuration B, was timed t o  evaluate 

task times achievable after extensive practice (Table C-4). Prior t o  

this run, he had about 27 hours of CAM 1400 operating experience, including 

50 runs of t h l s  simulation, and i n  addition had observed more than one 

hundred runs by tes t  subjects and visitors. 
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0:23 0:45 0:43 0:15 0: 33 1 :20 

0 
P 
Q 
R 
S 
T 

Avg 

2:05 1 :32 1 :02 1 :07 1:17 
1:14 0:43 1 :37 

0:42' , 1 :42 1 :40 
1 :05 0: 52 0: 50 1 :07 1:18 
3:OO 0:26 1 :38 0:32 0: 54 
053 1:05 0:38 0: 51 7:26 
0 5 9  4:50 1 :50 
0:30 1 :40 0:45 1:24 k15' 

1:08 1:77 0: 58 0:42 1:08 

1 :Q1 0: 18 0: 27 O:30 0:35 
1 :oo 0: 30 0:48 0:18 0:40 
2:oo -..) 0:15 1:lO 1:50 

2:19 
22:35 
16:07 
7 :44 

10:43 

4:47 
13:05 
1?:26 
2 4 ~ 4 2  
3: 24 
2:45 

0:33 

0 
P 
Q 
R ' 

S 
T 

6:41 
9:lO 
5:08 
3:50 

12: 06 
1092 

.2. Insert Module 

8 C D E F A2 A3 
A f 5:03 40:s 5:03 1 :27 3:39 
B 
c 
D 
E 
F 

I 
d 
K 
L 
M 

5:03 
8: 51 
3:26 
2:52 
6:30 

3:37 
9: 16 
7:20 
6:14 
5:24 
0:40 

6:02 
7:40 
3:33 
1:17 
3:32 
2:05 

6:55 

0:08 
7:19 
1 :23 
11:51 
5:23 

4: 55 
5:23 
9:28 
4:37 
3: 47 

11:a 

3:23 
2:22 
39 : 52 
2:26 
4:27 
3:29 

7:Ol 

6:07 
2:07 

1 :33 

4:Q3 
1358 

ll:56 
3:57 
13:15 

3:46 
10:43 
1:44 

8: 21 

: 23 

9:09 
12:41 6:16 5:32 3:13 

3:02 
23 : 26 

3:30 8:26 
3:17 

3:OO 
19:45 
12:30 

10:37 
7:Ol 
8:04 

4: 17 

:18 

2:03 



I 
J 
K 
L 
M 
M 

0 
P 
Q 
R 
s 
T 

AY9. 

2:08 
1:55 
1:17 
0: 51 
0:52 

1:15 
1 :15 
0:52 
0:41 
lor30 
0:57 

1 :42 

1:15 

0:35 
1:20 
0:39 
0:35 
0: 21 
0:55 

0:51 
1 :02 
0: 56 
0: 54 
5:53 
0:55 

1 :07 

A, 

0:40 

0: 31 

0:40 
0:29 
0:25 
0:32 

0:27 
0: 36 
1 :oo 
0:26 
3:33 
053 

0:45 

.O 40 
0: 25 
0:50 

0:28 
0:31 
0:30 

0:20 
0:35 
0: 55 

1 :07 

0:27 

4. Lock Pin 1 

A, B 

4: 0:20 
: 27 

P:49 

1 :29 1 :14 
2:27 

4:49 
5:35 
8:52 

2:48 
3:08 
3:43 

4:48 

3:43 

0:26 

I cl 

A 1 2:14 242 1 :40 1:40 2:00 
Al 

B 
c 
D 
E 
F 

I 
J 
K 
L 
M 
N 

0 
P 
Q 
R 
S 
T 

5:19 
3:45 
1 :50 
2:05 
3:30 

3:23 
2:58 
3:55 
1 :55 
4:05 
3:28 

2:37 
2:50 
10:18 
2:24 
10:35 
8:Ol 

4:11 

5:50 
2:20 
2:05 
2:03 
3:58 

1 :59 
2:29 
4:lO 
4: 08 
2:oo 
1 :55 

3:02 
3:22 
2:12 
3:27 
6:15 
3:20 

3:11 

4: 12 
1 :37 
2:05 
2:50 
2:21 

1 :55 
2:57 
2:43 
3:07 
2:34 
1 :58 

2:05 
3:04 
3:30 
3:40 
3:55 
2:49 

2:43 

1 :50 
2:03 

1 :12 

1 :15 
2:55 

2:32 
0:35 
2:05 

1 :12 
2:28 
1 :43 

2:lO 

: 49 

C D E F 

1:11 
3:15 5:20 0:34 0:47 

0:58 
2:33 

1:18 1 :48 
1 :39 

3:02 
150 
2:38 

2:12 
2:22 
253 

4: 10 

2:23 

0:44 



F 

I 
J 
K 
L 
M 
N 

0 
P 
0 
R 
S 
T 

Rvg . 

3:35 
3:30 

1 :30 
5: 39 
2:oo 
3:28 
1 5 5  
4: 45 

2:15 
3:M 
1:14 
2:27 
6:30 
2:40 

3:19 

2:Q2 
2:15 
1 :41 

1 :35 
2:41 
2:14 
3:30 
2:45 
3:02 

2:30 
1 :59 
2:08 
2:38 
4:08 
2:46 

2:30 

234 
2:13 
7 5 0  
3:17 
1 :46 
2:56 

1 :51 
2:oo 
1 :35 
2:05 
2:15 
2:27 

2:29 

0:27 

0:20 
0: 48 

1 :24 
0:32 
0:55 

0: 57 
0:28 
1 :07 

4:48 

1 :05 

6. Lock Pin 3 

A, B 

0 
3 5 : 20 

:25 
1:12 

0:50 5:12 
1 :35 

1 :22 
0:40 
1:13 

1:12 
3:37 
1 :39 

2:10 

1 :33 

0:55 

A2 J 

A 
8 
C 
D 
E 
F 
I 
J 
K 
L 
M 
N 

0 
P 
Q 
R 
S 
T 

. 

1 5 5  
4: 00 
3:20 
1 :10 
2:37 
2:30 

1 :45 
3:15 
2: 55 
3:07 
2:O5 
3:30 

2:45 
2:23 
1 :43 
3:22 
4: 17 
1:15 

: 40 

1 :33 
5:03 
1 5 0  
1 :45 
5:23 
1 :47 

1:49 
2:18 
1:57 
2 5 0  
2:15 
1:56 

2:31 
3 2 0  
1 5 2  
2:29 
3:32 
2:25 

: 35 

C D E F 

1 :46 
3:05 
1 :45 
1 :39 
3:lO 
1 5 0  

1 :22 
4:25 
4:12 
3:08 
2:12 
2:37 

3:07 
2:57 
2:15 
2:OO 
4: 35 
2:05 

2:41 

2:37 

2:21 
0:44 

0:45 

1 :12 
2:05 

5:25 
2:25 
2:30 

2:23 
0:39 
5:02 

4:05 

:2 

6:40 

0:31 
2:37 2:25 0:44 1 :18 

0: 50 
1 :25 

1:20 1 :20 1 :53 
3:57 

3 2 7  
2:12 
2:30 

3:25 
2:06 
1:10 

6:50 

2:56 



I 
J 
K 
L 
M 
N 

0 
P 
Q 
R 
S 
T 

Avg . 

A 
0 
c 
D 
E 
F 

I 
J 
I( 
L 
kl 
N 
0 
P 
Q 
R 
S 
T 

Avg 

I 

2:13 
2:35 

1:08 
2:35 
1 :15 
2: 10 
0:55 
2: 22 

2:42 
3:17 
4 5 0  
2:53 
5:13 
4:lO 

2:43 

1:13 
1 :55 
2:57 
1:30 
2:16 
3:47 

1 :57 
2: 10 
2:26 
2:12 
4:25 
3:34 

2:25 

1 :45 

1 :34 
2:20 
2:58 
2:27 
1:52 
3:02 

2:17 
1:37 
2:20 
2:08 
2:18 
2:32 

2:25 

0:17 
2:07 

1:15 
1 :I2 
7:18 

1 :45 
1 :25 
0:18 

0: 58 

0: 57 

8, Stow Tool 

A, B 

: 39 
:2 :O 

1 :35 
1 :45 

0: 30 2:10 0: 24 
3:43 

1 :45 
2:01 
0: 57 

3:23 
2: 12 
0: 43 

2: 35 

1 :47 

A2 3 

2:01 0:29 
0 : s  
0:34 
0: 23 
0:30 
1 :01 

053 
0: 35 
0: 20 
0:20 
0:30 

0223 
0: 47 
0:23 
0: 27 
4:35 
0: 35 

:47' 

-1 

0:15 
0 2 4  
0:32 
0:17 
0:28 
0: 13 

0:09 
0:25 
0:37 
0: 23 
0:15 
0:17 

0:14 
0 9 5  
0 9 6  
0: 31 
4:OO 
0:ZO 

0: 34 

0:14 
0:42 
0:27 
0:12 
0:23 
0: 10 

0:09 
0:21 
0 2 0  
0: 21 
0:16 

0:18 
0:79 
0:18 
0:17 
0:55 
0:zo 

: 21 

I..- 

0:18 

0:17 
0:14 

0: 25 

0:22 
1:12 

0: 25 
0:27 
0:27 

Q: 20 
8: 35 
0: 30 

0: 18 

0:27 

c D E F 

1 :23 
2:15 2:17 0:19 0:13 

0:15 
2:45 

1 :lo 1 :49 0:22 
6: 25 

4:55 
4:02 
7 f38 

3:20 
6: 45 
2:32 

5:15 

: 53 



'I 
J 
K 
L 
M 
N 

0 
P 
Q 
R 
s 
T 

Avg . 

s;i$Ky 
A 
B 
c 
D 
E 
F 

I 
J 
K 
L 
M 
iF1 

0:43 

1 :49 
0:27 
0: 32 
0: 50 
0:34 

0:12 
0:22 
0:45 
0:35 
3:20 
1 :oo 
0: 51 

..I. 

0:35 

0:26 
0: 30 
0: 56 
0: 26 
0:t2 
0:13 

0:23 0:09 0:20 
0:40 1 :05 2: 10 
0: 56 
0:12 0:08 1 :45 
0:06 0:06 2:46 
0:35 1 :oo 1 :oo 

0: 08 0:18 
0: 20 0:34 0:02 0: 18 
0: 51 0:36 0:24 9: 55 
0:35 0:Zl 0:15 1 :40 
2:30 3:40 
0:30 0:50 0:59 3:35 

0: 35 0: 37 0: 25 2:07 

0:18 0:07 

10. Release Pin 1 

F - B C 0 E A1 A2 A3 
7 :50 1 :55 1:57 2:36 3:12 
4:45 3:39 
1 :50 
1 :49 
4: 12 
1 :32 

1:30 
2:49 
4: 03 
3:46 
2:05 
1 :41 

3:18 
3: 14 
1 :56 
4:45 
5:44 
4:25 

:Q4 

1 :4? 
2:06 
2:06 
3:30 

1 :47 
2:48 
2: 37 
3:36 
3:03 
2:37 

3:28 
3:lO 
3:52 
2:47 
4: 52 
2: 59 

3:05 
2:03 
2:17 
2:33 
1 :49 

2: 07 
3:OO 
5:16 
2: 50 
2:# 
3:35 

4:42 
2:ll 
2:09 
3:44 
5:25 
3: 13 

0 

1 :32 
0:37 

1:19 

1:11 
1 :59 

2:12 
0:35 
1 :25 

1:33 
1 :20 
0: 52 

3:17 

:34 

0: 53 
2:18 1 :22 0:26 0:1f 

0: 2: 
1 :20 

1:00 1:12 0:2f 
2:45 

2:13 
1 :79 
4:53 

2:12 
2:10 
1:13 

3: 28 

: 14 



F 

I 
J 
K 
L 
M 
N 

0 
P 
0 
R 
S 
T 

Avg . 

1 :57 

1 :28 
3:30 
5:05 
2: 17 
1 :40 
159 

2:05 
3:03 
2:35 
2:42 
6: 31 
4: 55 

2: 56 

0 
8 

4:27 
2:15 
2:16 

1 :37 
2:57 
2:34 
2: 50 
2:33 
2:38 

2:23 
2:35 
2:22 
4:OO 
4:27 
2:33 

2:51 

1:19 
2:55 
157 

1 :36 
3:02 
4:04 
1:55 
1 5 5  
2: 01 

2:45 
2:03 
1:53 
4:45 
4:35 
2:42 

2:36 

6 
0: 50 

0: 16 

0:lO 
0:36 

0: 55 
0:19 
0:07 

0:30 
0: 22 
0: 51 

0 5 0  

0: 31 

: sa 
1:02 1: 0: 24 

0:45 

0:27 0:35 1 :20 
2:35 

3:42 
1 :45 
1:25 

1 :13 
3:45 
2:02 

059 

1 :43 

12. Release Pin 3 

J 

2:03 1:51 0: 57 1:08 

A, B C D E F 

B 
C 
D 
E 
F 

i 
J 
K 
L 
M 
N 

0 
P 
Q 
R 
S 
T 

2:30 
5:15 
1 :03 

2:17 
3:32 
2:lO 
4:03 
1 :52 
2:14 

1 :57 
2:50 
2:28 
3: 08 
4: 00 
3:55 

3:07 

4:24 2:57 
1 :32 2:13 
1 :48 3:27 
4: 18 3:30 
2:29 2:16 

157 2:29 
2:28 3:57 
6:41 9:14 
2:58 3:23 
2:11 1 :45 
6:45 2:lO 

3:Ol 2:ll 
3:05 2:27 
2:25 2:37 
5:02 3245 
5:31 2:50 
3:38 2:41 

3:28 3: 

0:19 
0:29 

0: 56 

0:20 
0:45 

2:35 
0 2 7  
0:36 

0: 53 
3:04 
0: 25 

1 :06 

: 59 

0: 39 
0: 25 1 :40 0:19 0:10 

0:15 
0.:50. 

0: 51 1 :07 
1:35 

1 :SO 
1 :48 
0:46 

1:37 
2:22 
1:43 

3:13 

: 25 

0:39 



F 

I 
J 
K 
L 
M 
N 

0 
P 
Q 
R 
S 
T 

Avg . 

2: 05 
2:05 

1 :40 
2:22 
2:15 
2:20 
1 :18 
2:05 

2: 16 
3:lO 
2:11 
3:17 
5:OO 
5:lO 

2:47 

1 :57 

1 :38 
2:Ol 
4:32 
3:33 
1:59 
3:04 

2:23 
2:45 
3:20 
4:41 
4: 26 
3:35 

2:54 

3:02 
2:34 
2 5 8  
1 :26 

1:39 
2:53 
1 :30 
3:03 
1 :46 
1:59 

2:24 
2:12 
2:17 
2:58 
4:05 
3:11 

2:39 

0:27 

0:l l  
0: 29 

1 :35 
0:27 
0: 21 

0: 54 
0:15 
0: 17 

1 :24 

0:33 

14. Stow Tool 

: 32 7 :10 
: 26 

0:40 

0: 21 0:20 
0:47 

1 :35 
1 :30 
1:37 

1:05 
1:23 
1 :32 

1 :30 

1 :07 

0:11 

B 
C 
D 
E 
F 

I 
J 
K 
L 
M 
N 

0 
P 
Q 
R 
S 
T 

0: 39 
0: 26 
0: 14 
0:23 
0:75 

0:17 
0:43 
0:20 
0: 22 
0:20 
0:24 

0: 29 
0 9 4  
0: 27 
0:20 
2:oo 
0:30 

: 30 

0:14 
0: 40 
0:21 
0: 09 
0:18 
0:;7 

0:ll 
0: 22 
0:25 
0: 22 
0:16 
0:15 

0:08 
0:20 
0:22 
0:23 
2:17 
0 2 3  

0:17 
0:31 
0:17 
0:09 
0:19 
0:12 

0:14 
0:20 
023 
0:17 
0:13 
0:16 

0% 
0: 18 
0:22 
0:14 
0:48 
0:26 

0:17 

0:12 
0: 19 

0:1% 

0:14 
0: 58 

0:27 
0:18 
0: 21 

0:17 
0:15 
0:15 

0:39 

~ : ~ 2  

C D E F 

0:50 
0: 55 1:28 0: 08 0:08 

0:15 
1 :45 

0:46 0:50 
3:13 

2: 50 
5:22 
3:12 

2:30 
1 :37 
1 5 4  

5:15 

: 31 

0:16 



F 

I 
J 
K 
L 
M 
N 
0 
P 
Q 
R 
s 
T 

Awg . 

1 :10 

0: 33 
2: 12 
1 :02 
0:49 
0:25 
1:06 

0: 43 
1:52 
0: 29 
1:23 
1 :43 
1 :45 

1 :09 

0: 51 

0:32 
1 :01 
1 :I5 
1:20 
0:48 
0:36 

0: 39 
0:40 
0: 55 
1 :17 
3:07 
2:12 

1 :03 

0: 44 

0:17 
0: 56 
0: 57 
1 :oo 
0:31 
0:42 

1 :05 
0: 31 
0: 48 
0:33 
1 :57 
1 :21 

0: 51 

0:40 

0:16 
0: 59 

0: 34 
0:29 
0:25 

0:28 
0: 40 
0:49 

0:52 

0:36 

16. Extract Module 

:3 0 9 3  
0:14 

2: 10 

0:55 : 28 0:40 
2:29 

1 :28 
1 :16 
1 :59 

235 
1:54 
0:58 

327 

1:48 

A 
8 
C 
D 
E 
F 

I 
J 
K 
L 
M 
M 

0 
P 
Q 
R .  
S 
T 

B C D E F A2 A3 
.O:ll ' 0:13 1:04 023 1 :21 
3:30 
4:50 
0:39 
0:37 
0:12 

3: 13 
6:32 
4:11 
1 :05 
0: 59 

4: 52 
0: 12 
5:51 
1:08 
0:08 
0:18 

o:i7 

0: 44 
0:ll 
0:24 
0: 14 
2:20 

0:14 
0:15 
0:lO 
0:12 
0:40 
0:52 

2:oo 
0: 07 
0:07 
0:30 
1 :38 
0:25 

: 38 

0:26 
1 :50 
1:15 
0:18 
1 :39 

0:45 
1:30 
3:35 
1 :20 
1 :05 
0:07 

247 
1:14 
4 :03 
0:40 
1 :25 
0:48 

1 :26 

0:09 
0:08 

0: 10 

0:49 
4:49 

1 :50 
0:42 
0: 04 

0:36 
0:08 
0:16 

0:78 

5:39 
5: 53 0: 25 0: 17 0:31 

0:19 
0:23 

0:26 3:32 0:18 
0: 31 

0:12 
3:34 
0:13 

0.: 50 
0:14 
0:19 

0:31 

1:33 I 



Grapple Mod~le 

Insert Module 

Pick Up Tool 

Lock Pin 1 

Lock Pin 2 

Lock Pin 3 

Lock Pin 4 

Stow Tool 

R E ~ V A L  

Pick Up Tool 

Release Ptn 1 

Release Pln 2 

Release Pin 3 

Release Pin  4 

Stow Tool 

Grapple Module 

0:20 

.r"- 1 ~ 3 6  

0:18 

0:19 

0:99 

0:15 

0:11 

0:11 

0: 17 

0:13 

0:09 

0 9 3  

0:10 

0:10 

0:12 

Extract Module 0:08 



e 

2. 

3.  

4, 

5. 

6. 

7. 

8. 

9 .  

10 * 

11. 

12. 

Yes 

ere the tes t  ear and precise? - - 
Were the procedures f o r  doing the simulation clear and - - 
precise? 

What improvements do you suggest? 

Did the switching functions on the hand contro l ler  seem 
simple and straightforward? 

Would you delete o r  add any functions t o  the hand 
control ler? 

- -LI 

- - 
Was the hand contro l ler  a t  the r i g h t  height f o r  ease o f  
hand1 i ng and movement? 

Did the arm res t  help you? 

Were the feedback forces on 

Too low 
Just a b i t  
Just r i g h t  
Just a b i t  
Too high 

- - 
the hand control l e r  : 

__. 
too low _I_ 

I_ 

too high __ 

How important do you fee l  t h i s  aspect o f  force feedback i s  
t o  operator success : 

Very important - 
Unimportant - 
Don't know - 
Average importance __ 

Did you f i n d  yourself get t ing t i red? 

When d id you f i r s t  notice it? 

What do you th ink  contributed most t o  your feel ing t i r ed?  



you imp~0ve on it? 

. .. 
16. What suggestion do you have for improving the control and 

seating arrangement? 

17, Was the terminal device (grippers) easy t o  work w i t h ?  

Can you suggest any improvements? 

18. Would more color coding facil i tate their use? 

19. What improvements do you suggest? 

20. Were the TV controls conveniently located? - - 
21. Were the controls identified clearly as t o  their functions? - - 

23. Can you suggest any improvements t o  the TV panel and c___ - 
22. Where would you locate the TV panel and controls? 

and controls? 

If so, what 



Y 

- a_l 

- I__ 

nsta l  l a ~ i o n ?  

27. Which TV p ic ture d id  you use most during adapter removal? 

28. Did the TV cameras appear t o  be located i n  the best - - 

29. Do you have any suggestions f o r  improving the TV aspects 7 - 
posit ion t o  cover the d i f f e ren t  phases o f  the simulation? 

o f  the simulation. If yes, what improvements. 

30. 

31. 

32 * 

33. 

Do you think marking (color coding) the screw drive 
adapter he1 ped you? 

Would you recommend the use o f  more color coding, 

We would l i k e  t o  estimate how. d i f f i c u l t  t h i s  task seemed 
t o  you. The following i s  designed toward tha t  goal. 

- - 

- - 

Your estimate o f  the adapter i ns ta l l a t i on  i s  what percentage 
as d i f f i c u l t  as dr iv ing your car a t  60 mph on the LA freeway 
under the following condition. 

L ight  flow o f  t r a f f i c  % 

Heavy flow o f  t r a f f i c  % 

i s  t o  para l le l  parking o f  your car between two vehicles 

Medium flow o f  t r a f f i c  -% 

H o w  d i f f i c u l t  % wise do you estimate tha t  the adapter i ns ta l l a t i on  
%. 



% 
% 
% 

Yes No 
36. Did the'environment in which the simulation was conducted _I _I 

"I 

distract in any way? 

Example: Too noisy, poor lightjng, 
too many people around, elc 

What suggestions do you have on improving or making the task 
easier from the operator's point o f  view? 


